Fruiting bodies collected in the field during the vegetation period in different developmental stages and mycelial cultures of 50 representatives of xylariaceous fungi were tested for antimicrobial and nematicidal activities, and 50 of their characteristic metabolites were studied for comparison. Furthermore, analytical HPLC profiling using diode array and electrospray mass spectrometric detection was performed to identify and quantify the major constituents, revealing that up to 10% of the dry fruiting body biomass may be composed of secondary metabolites. In several species, significant antimicrobial effects were noted upon incubation of the fruiting bodies in an agar diffusion assay, i.e., without any need for extraction and concentration of active constituents. These results suggest that most of the characteristic constituents of subfamily Hypoxyloideae (i.e. Hypoxylon and related genera) are involved in non-specific defense reactions that underwent specific permutations in the course of evolutionary processes, resulting in a broad diversity of unique polyketides and other secondary metabolites.
ongoing studies, based on HPLC-UV and HPLC-MS profiles of over 2500 materials selected from more than 300 taxa of Xylariaceae, we have isolated and characterized their characteristic constituents [4-16, see Figure 1 ]. These chemotaxonomic and "mycochemical" studies provided the basis to evaluate the possible ecological importance of these xylariaceous "extrolites". Not only the major components, but the entire spectrum of secondary metabolites that are detectable in any stage of development of these fungi are considered and studied for their possible functions. Hence, the current study relates to the upcoming research field of "metabolomics". In a pilot experiment preceding this study, we have recently recorded HPLC profiles during the life cycle of the model organism, Hypoxylon fragiforme throughout the vegetation period [16] . The asexual stage (anamorph) on the natural substrate and the young and maturing stromata (fruiting bodies, composed of several to many perithecia, see Figure 2 ) preferentially contained cytochalasins (11, (38) (39) , which were replaced by azaphilones (8-10) upon maturity. Table 1 : Biological sources and literature referring to the origin of the Xylariaceae metabolites that were tested for bioactivities. The taxonomy follows [18, 22] and, for taxa described earlier, www.indexfungorum.org.; for chemical structures see Figure 1 .
Compound Biological source (original, in brackets some remarks on further occurrence in the Xylariaceae) Cohaerin B (1)
Annulohypoxylon cohaerens [10] Macrocarpon A (2) Hypoxylon macrocarpum [5] 
Macrocarpon B (3) Truncatone (4)
A. stygium [9] , originally from "H. truncatum" [19] 8-Methoxy-1-naphthol (5) Daldinia spp. [4, 20] , omnipresent in their cultures Daldinin E (6) H. fuscum [11] and related species [9] Sassafrin B (7) Creosphaeria sassafras [14] Mitorubrin (8) H. fragiforme; widespread in Hypoxylon [4, 7, 9] Mitorubrinol (9) Mitorubrinol acetate (10) Fragiformin A (11) H. fragiforme; young stromata [16] , H. howeanum (current study) Cohaerin A (12) A. cohaerens [10] Cohaerin C (13) A. cohaerens [13] , deviating chemotype Cohaerin D (14) A. cohaerens [13] , deviating chemotype Cohaerin E (15) A. cohaerens [13] , deviating chemotype Cohaerin F (16) A. cohaerens [13] , deviating chemotype Multiformin A (17) A. multiforme [12] Multiformin B (18) Multiformin C (19) Multiformin D (20) Sassafrin A (21) Creosphaeria sassafras [14] Sassafrin C (22) Sassafrin D (23) 4:5:4':5'-Tetrahydroxy-1:1'-binaphthyl (BNT, 24) Daldinia concentrica [6] , widespread in Hypoxyloideae [4, 5, 27] Daldinone A (25) D. concentrica [6] , widespread in Annulohypoxylon and Hypoxylon [9, 10] Daldinone B (26) D. concentrica [6] Daldinialanone (27) (22E)-Cholesta-4,6,8 (14) ,22-tetraen-3-one (28) (+)-Orthosporin (29) 3,4,5-Trihydroxy-1-tetralone (30) Concentricol A (31) Daldiniapyrone (32) Daldinol (33) D. childiae [4] Daldinal A (34) D. childiae [4] , also in some collections of H. fuscum [5] Entonaemin A (35) Entonaema spp. [11, 27] and H. rubiginosum [8] Carneic acid A (36) H. carneum [15] Carneic acid B (36a) H. carneum [15] Hypomiltin (37) H. intermedium, H. perforatum, originally from H. hypomiltum [9] Fragiformin B (38) H. fragiforme; young stromata [16] , H. howeanum (current study) Cytochalasin H (39) Daldinin C (40) H. fuscum [11] ; other Hypoxylon spp. [9] ; D. childiae [4, 19] Daldinin F (41) Rubiginosin A (42) H. rubiginosum [8] , widespread in Hypoxylon and Entonaema spp. [7, 9, 27 ] Rubiginosin B (43) H. rubiginosum [8] Rubiginosin C (44) Rubiginosic acid (45) Hypoxylon spp., cultures [ Table 1 . 
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A conversion of mitorubrinol (9) to mitorubrin and mitorubrinol acetate (8, 10) was also noted during this maturing process.
Mycelial cultures of H. fragiforme contained none of the aforementioned metabolites as major components. Their major constituents are mellein and related small polyketides (e.g. 45-48) [2, 4, [16] [17] . On the other hand, a comparison of mature stromata and standardized cultures, respectively, had revealed their HPLC profiles to be fairly species-consistent in Xylariaceae. These studies largely confirmed taxonomic affinities within this family that had been inferred from comparative morphology studies [1, 2] .
There are also specific compounds (e.g., carneic acids, 36), whose chemotaxonomical significance is apparently restricted to the species level [15] .
While the taxonomic significance of the above compounds is well established, their biological and ecological functions have never been studied systematically. It is only known that extraordinarily large amounts of pigments and other metabolites are contained in the stromata of most Hypoxyloideae, since their isolation and identification was accomplished from rather small amounts of starting material [8] [9] [10] . Several of these compounds, and in particular the azaphilones, have been shown to possess non-selective effects against microbes and nematodes [12, [14] [15] [16] . Still, many of the chemical marker compounds obtained during previous work had not yet been characterized for biological effects. It remained unclear whether the concentration of biologically active metabolites is actually sufficient to defend their producers against feeding enemies in the natural environment. Hence, we attempted to quantify and detect active compounds that accumulate during stromatal development of Xylariaceae, as well as in cultures of more than 30 species. Most of them are representative of the European mycobiota (and that of the Northern Hemisphere); but some non-European and tropical taxa were included to render this survey more comprehensive. Constituents of the stromata and cultures were also included as pure compounds from previous work ( Table 1) .
The majority of the species studied belong to the Hypoxyloideae (i.e. Xylariaceae with Nodulisporiumlike anamorphs). Representatives of Xylarioideae (with Geniculosporium-like anamorphs) and Creosphaeria sassafras, a species with a Libertellalike anamorph whose taxonomic affinities are uncertain [2, 18] , were included as well. Despite that they are known to be devoid of stromatal pigments [2, 18] , representatives of the Xylarioideae were included to evaluate whether their stromata might contain biologically active substances that do not constitute pigments, such as cytochalasins. Several species of all genera studied were also collected in various stages of development and studied to monitor the production of biologically active agents, and their cultures were studied as well. This was done to evaluate whether a succession of metabolite production similar as that observed during stromatal ontogeny of H. fragiforme [16] is a more widespread phenomenon in the Xylariaceae.
Below, the results of this study will be presented and discussed with respect to i) the possible biological significance of these metabolites, ii) correlations to current hypotheses on the phylogeny and evolution of this family, and iii) links between fungal chemotaxonomy and chemical ecology in general. The persistent Xylariaceae stromata ( Figure 2 ) are designed to endure dryness over a rather long period, sporulating rapidly under favorable conditions [23] . The rationale of this study is that these fungi may have a competitive advantage if their fruiting bodies are chemically protected. We have, therefore, estimated the percentages of the prevailing constituents of several species (see Tables 1, 2 and 6) by HPLC and tried to relate these findings to the biological activity of their crude extracts. The HPLCbased quantification study (Table 2) revealed that most of the compounds were contained in the stromata in percentages higher than 1% of dry weight, although some variations that will be further discussed below were noted between materials of different age (and occasionally in specimens of the same species from different hosts).
In various species examined, the overall amounts of pigments added up to more than 5% of the dry weight. From the HPLC-MS data it is estimated that several species contain an additional 5% of unknown compounds, especially in the lipophilic polarity range. Even though it was not possible to discriminate genuine secondary metabolites from ubiquitous primary metabolites (e.g. linoleic acid, oleic acid, ergosterol), our results point toward the total amounts of secondary metabolites adding up to more than 10% of the dry biomass in some species of Hypoxylon and Annulohypoxylon. These data already demonstrate a high biological significance of these compounds, assuming that fungi that live in competitive environments cannot afford to waste that much energy to produce useless chemical matter. In this context, it needs to be pointed out that most of the species examined are not rarely encountered in nature; A. multiforme, H. fragiforme, and H. fuscum are among the most frequently reported European ascomycetes.
A retrospective analysis of the HPLC data recorded during our previous studies on stromatal extracts, where the constituents had not yet been quantified [4] [5] [6] [7] [8] [9] , confirmed that the selected specimens, and hence the data presented in Table 2 , are quite representative. Some data on additional, mostly unpublished specimens are summarized in the Supplementary  Table 2 : Concentrations of major metabolites as estimated by analytical HPLC [4, 6] , using external and internal standards. The compounds were estimated by HPLC-UV analysis at 210 nm, but in all cases, the crude extracts were subjected to HPLC-MS to exclude impurities and confirm the identity of the corresponding peaks with the metabolites to be detected. Specimens of Biscogniauxia and Xylarioideae (see Supplementary Data) that are not listed below were devoid of all compounds. For taxonomy of Annulohypoxylon see [22] . Legends: * No immature specimens included so far in this study. # Mature stromata. ## Immature stromata. + Only results on extracts of the outermost stromatal layers part containing the perithecia are shown for Daldinia. HPLC of extracts from the concentric zones was inconclusive. ++ Daldinins E and F co-eluted on our reversed phase HPLC systems and were estimated together as a single peak. data. In a given species, the ratio of major components was always similar, aside from some variability in the patterns of minor metabolites. Concurrently, crude extracts were also prepared from these specimens and tested for biological activities, along with several pure compounds that had been obtained previously in the course of our chemotaxonomic work ( Table 1 ). The yields of crude extracts are not given here from each individual specimen, but in Hypoxyloideae (except for B. nummularia) and C. sassafras they were found in the range of ca. 8-11% of the dry stromatal weight, which agrees with the results of previous preparative studies ( Table 1 ). The observed quantities of all metabolites were also in fair agreement with the yields reported upon their first discovery, taking inevitable losses during the preparative isolation procedures into account. In the Xylarioideae and B. nummularia, the yields of stromatal extracts were less than 2% of the dry biomass. Stromata, corresponding extracts, and pure compounds were tested for biological activities. The activities of the pure compounds will be discussed first, following their correlation to the results with extracts and other samples derived from stromata, and finally comparing these findings to the current knowledge on the biology and taxonomy of the Xylariaceae.
Species/Specimen (collection data see
A comparison of biological activities of various compounds using the same assay conditions as described in refs. [13, [15] [16] is compiled in Tables  3-5 . Activities of some additional compounds were published in these references and are not repeated here. Despite antimicrobial effects of various Xylariaceae metabolites having been evaluated previously [12, 14, 16, 25] , this study is the first one to reveal the biological activities of several further compounds that were originally obtained during "mycochemical" work. This applies, for example, to cohaerin B (1), macrocarpons (2-3), truncatone (4), and the stromatal constituents of D. concentrica (25-26; 27-32) [6] . Nematicidal activities had so far only been evaluated for 8-methoxy-1-naphthol (5) [20] and for cytochalasins and mitorubrin-like azaphilones [16] .
In general, all Xylariaceae metabolites tested exhibited weaker (and, in many cases, apparently non-selective) activities, as compared to the standard antibiotics. Several compounds were either devoid of activities or their effect on the target organisms can be regarded as moderate, at best. Only C. elegans showed a certain selectivity, different from that observed in the microbial test organisms. Biological activities are interpreted below with regard to groups of chemically similar compounds. (33) are oxidized binaphthalene derivatives from stromata of various Hypoxyloideae (Table 1) . While BNT is widely distributed [4, 5, 24, 27] , daldinone A (25) and truncatone (4) are the prevailing pigments in a few Hypoxylon spp. [9] , but much more characteristic of Annulohypoxylon [10, as Hypoxylon sect. Annulata]. They showed stronger activities than 24 (possibly due to enhanced reactivity as compared to the corresponding phenols caused by the presence of additional carbonyl groups).
b) Various azaphilones:
Among the azaphilones tested, the sassafrins (21-23) and multiformins (17) (18) (19) (20) exhibited the strongest bioactivities. The cohaerins (13-16) showed either similar or slightly weaker activities than the structurally related multiformins, indicating that the additional ring in the latter compounds does not substantially influence nematicidal and antibiotic properties of the azaphilone system. Antimicrobial and nematicidal activities were always paralleled, with no significant preference for fungi, bacteria, or nematodes, indicating a non-specific mode of action. The results on azaphilones are also basically in accordance with concurrent data on pathogenic fungi and bacteria [12, 14, 25] . In general, the azaphilone pigments of Annulohypoxylon (multiformins, cohaerins), and Creosphaeria (sassafrins) showed stronger activities than the mitorubrins (8-10) and rubiginosins (42) (43) (44) from Hypoxylon. The daldinins (6, (40) (41) , which are characteristic of some species of Daldinia and H. fuscum, were only slightly less active than the cohaerins and multiformins. It should, however, be considered that the azaphilones and even the above mentioned naphthalene derivatives are not equally distributed: as previously established [6, 7, 9, 16] , these metabolites are concentrated either on the stromatal surface, or located in granules surrounding the perithecia in the outermost stromatal layer (see H. howeanum in Figure 2 ). Their concentrations in the woody (in Annulohypoxylon and Hypoxylon) and gelatinous (in Daldinia and Entonaema, respectively) tissues are much lower.
c) Other compounds:
The remainder of the compounds tested belongs to various different chemical types and are presumably of miscellaneous biogenetic origin.
Macrocarpons from H. macrocarpum, a species that lacks azaphilones [5] , showed either only weak antibacterial effects or were not active at all. Concentricol A (31), and various minor components of D. concentrica (27) (28) (29) (30) , also showed rather weak effects, except for compound 29, which bears a reactive vicinally unsaturated carbonyl group and might possibly act as a Michael acceptor. Interestingly, daldiniapyrone (32) showed no antimicrobial effects, but actually paralyzed the nematodes. At concentrations of 10-50 µg/mL, the worms became motile again after ca 3 h of incubation, and most of them survived. The weak activities of rubiginosic acid (45) are in agreement with previous findings that C. elegans is highly susceptible to certain fatty acids [20] .
The biological activities of stromatal extracts and inhibition zones of stromatal parts in the agar diffusion assay are compiled in Table 4 . Particularly strong antibiotic activities were noted in stromata of H. howeanum, which mainly differs from H. fragiforme in its ascospore size and host specificity [7, 18] ; even HPLC profiles of their mature stromata are highly similar [4, 7] . Accordingly, three cytochalasins (11, (38) (39) , which are rather potent non-selective antibiotic toxins [16] , were also detected in young stromata of H. howeanum and its sister species. Their young stromata showed significantly stronger antimicrobial effects than the mature fruiting bodies, evidently due to the presence of the above cytochalasins.
Activities in the agar diffusion assay usually depend on the water-solubility of the metabolites tested to some extent. Since most of the major constituents are rather lipophilic, it is likely that only a small percentage of the metabolites have diffused from the stromata into the aqueous environment. In addition, the study was carried out in complex media, containing considerable amounts of aqueous ammonia and other molecules with which the azaphilones could have reacted (see discussion in [12] . Therefore, stability experiments were carried out with ten compounds, as described in the Experimental. We observed that mitorubrin (8) , BNT (24), fragiformin B (38) , concentricol A (31), and rubiginosin A (42) remained fairly stable. However, truncatone (4), sassafrin B (7), multiformin B (18), daldinones A, B (25) (26) , and daldinin C (40) had almost completely decayed in the culture medium/methanol samples after 24 h. Therefore, the results presented in Table 4 may merely reflect only part of the antibiotic potential of the stromata tested.
As shown in Figure 3b , young stromata of H. fuscum from Alnus, as well as those that contained mature ascospores, but had produced the anamorph, also contained yet unidentified peaks with HPLC-MS characteristics reminiscent of cytochalasins, besides BNT (24) The specific compounds, however, differed from the cytochalasins of the two above species by their mass spectra and retention times, which is in agreement with the fact that H. fuscum is not regarded as closely related to H. fragiforme [7, 22] .
Their identification would require considerable amounts of starting material, preparative chromatography and NMR spectroscopy. Interestingly, samples of H. fuscum from Corylus also showed slightly enhanced biological activities in the young vs. the mature fruiting bodies, which is due to enhanced production of daldinins (6, 40-41) and daldinal A (34, see Table 2 ). However, no cytochalasins were detected in the extracts of H. fuscum from Corylus (Figure 3a ). Mature stromata of all specimens collected from this host plant contained BNT (24) and daldinins (6, (40) (41) . In contrast to all specimens from Western Europe, daldinal A (34) apparently lacked in the specimen CWU-Myc AS 1374 from Ukraine. Specimens of this species from Alnus yielded only small amounts of daldinin C (40) .
Neither daldinal A (34) nor daldinins E and F (6, 41) were detected in these fruiting bodies. The mature stromata of H. fuscum from Alnus and Salix yielded different co-metabolites, some of which showed Table 4 : Antimicrobial activities of stromata [STR, if not indicated otherwise by m (mature) and y (young), only mature stromata were available for studies], crude extracts from YMG cultures (CE) and pure compounds from Xylariaceae in the agar diffusion assay against Bacillus subtilis (BS) and Yarrowia lipolytica (YL). Inhibitory concentrations are given in mm diameter of inhibition zone for concentrations of 100 µg (crude extracts) or 50 µg (pure compounds) per paper disk (6 mm diameter). (-) indicates lack of activity. All other compounds, stromata and extracts from further species that are listed in Table 1 and Supplementary data, but not included here were found devoid of activities). Figure 3c ), rubiginosin A (42) and other azaphilone pigments were only found in mature stromata, whereas the young immature specimens contained a series of unidentified metabolites. It is not yet clear whether the unknown compounds observed in the young stromata constitute precursors of the azaphilones or whether they are even chemically related to them at all. In any case, this species group within Hypoxylon (sometimes referred to as "the H. rubiginosum complex" [7, 18] ) showed a different behavior from H. fragiforme, H. howeanum, and H. fuscum.
Species/Sample
Hypoxylon monticulosum was included as a representative of the genus that has no prominent stromatal pigments and other secondary metabolites.
In young stromata of this species, only minor amounts of BNT (24) were detected, and even this compound vanished to a great extent as the stromata became mature. In agreement with these findings, its stromata and extracts thereof were devoid of biological activities. The lack of these pigments, along with certain morphological features, has led Ju & Rogers [18] to believe that this species is basal in the evolutionary lineage that represents the genus Hypoxylon, and the current results are well in agreement with these findings. According to a recent molecular phylogenetic study, however, H. monticulosum only appears basal to those species of Hypoxylon that are devoid of mitorubrin and related azaphilones, and from which the genus Daldinia may have evolved [22] .
The genus Annulohypoxylon has recently been proposed for the section Annulata of Hypoxylon sensu Ju and Rogers [18] , since morphological hypotheses were largely confirmed by means of molecular phylogeny [22] . Albeit not cited in [22] , our parallel study had already predicted this segregation from an interpretation of chemotaxonomic data [10] . The new genus was now studied intensively for the production of secondary metabolites during stromatal ontogeny for the first time. In young stromata of some Annulohypoxylon spp., we also noted some unidentified compounds, but characteristic azaphilones of the cohaerin and multiformin type were detected quite early. They were already abundant before the ascospores were formed. Azaphilones were only encountered in a group of species (i.e. A. cohaerens, A. minutellum, and A. multiforme), which also appear related to one another, as inferred from morphological and molecular data. Hsieh et al. [22] found these species to cluster in their clade A1 of Annulohypoxylon. In the representatives of a second clade of the new genus (clade A2 in [22] , comprising both varieties of A. stygium and A. nitens, which have ostiolar rings and lack conspicuous papillate ostioles), azaphilones are lacking, but compounds 4 and 25 were detected in the young as well as in the mature stromata, besides BNT (24) . The highest percentage of daldinone A (25) observed in all species examined was found in young stromata of A. stygium var. annulatum from France. However, we have reported previously that Hypoxylon investiens and H. hypomiltum var. lavandulocinereum (i.e., two taxa that appear rather distantly related to Annulohypoxylon) also contain extraordinary amounts of 25 ([9], a compound then named "HI1" and not yet identified).
In agreement with a previous study [10] , we found that the yields of secondary metabolites in various species of Annulohypoxylon (previous Hypoxylon sect. Annulata) decrease substantially upon morphogenesis of ascospores [10] . It has been postulated from molecular and morphological data that clade A1 of this genus is more evolutionary advanced than clade A2 [22, 28] . Our chemotaxonomic data again support this hypothesis: truncatone and daldinone A (4, 25) , the prevailing pigments of the "ancestral" members of the genus, also have a less complicated biosynthesis than that of the azaphilones, which are found in the more derived clade A1 of Annulohypoxylon, besides the ubiquitous naphthalene derivatives (see also [10, 24] ).
Daldinia has traditionally been separated from
Hypoxylon, based on stromatal anatomy. The conspicuous concentric zones of its fruiting bodies have been regarded as a means of adaptation to xerophilic lifestyle [18, 28] . Nonetheless, not all mycologists have agreed that the genus should be kept separate from Hypoxylon [29] . In fact, we accept Daldinia because chemotaxonomic as well as molecular data [22, 30] point toward the status of this genus as a group of highly derived and specialized species. All of them contain BNT (24) , and only some of them, such as D. childiae, contain, in addition, the same compounds that are also found in particular Hypoxylon species [4, 5] . Cultures of Daldinia produce naphthalene and chromone derivatives instead of the mellein derivatives that are typically encountered in Hypoxylon and other Hypoxyloideae [1, 4, 27, 30] . Fruiting bodies of both genera contain specific as well as common metabolites. In stromata of D. concentrica, BNT (24) is also the prevailing constituent of the young stromata. The linear triterpene concentricol A (31) has not yet been found in Hypoxylon, and even appears to be absent in many other species of Daldinia. In contrast to various other compounds included in this study, it is preferentially produced after the ascospores have become mature. Most of the other minor components of the stromata of this fungus (28) (29) (30) (31) (32) and further ones previously reported [6] ) were only detected in traces by HPLC-MS and could therefore not be quantified.
The morphologically highly similar species, D. childiae shows entirely different HPLC profiles, and, as in H. fuscum collections from Corylus, the characteristic constituents daldinal A (34) and daldinin C (40) were detected, besides BNT (24) . Whereas the concentration of daldinal A (34) was extraordinarily high in young stromata, the concentrations of daldinin C (40) and BNT (24) varied among different collections, and daldinol (33) was the only major constituent of D. childiae whose concentrations increased upon maturing of the stromata. The latter compound was devoid of antibiotic activities, and may therefore have functions other than chemical defense. The enhanced biological activities in D. childiae cannot be explained by the presence of the above compounds alone. They may be due to the presence of further azaphilones that have a fatty acid attached to their bicyclic carbon backbone in a similar manner as in rubiginosin C (44). A number of these compounds have been reported by Hashimoto & Asakawa [19] , and we detected them (or metabolites with similar molecular masses) tentatively by HPLC-MS in the lipophilic polarity range of the chromatograms derived from our specimens of D. childiae. However, no standards were available for this study, hence their bioactivities were not evaluated, and their concentrations could not be determined.
The genus Entonaema is peculiar in having internally hollow stromata that are filled with liquid when fresh. Its cultures show a similar morphology to those of Daldinia and also possess a similar secondary metabolism. However, stromata of most Entonaema spp. contain mitorubrin and rubiginosin type azaphilones that are not found in any member of Daldinia, but are widespread in Hypoxylon [27] .
Albeit this does not apply to all Entonaema spp. (some of its rarely collected and poorly understood species lack azaphilones altogether [27] ), this genus appears to have an intermediate position between the aforementioned allies regarding its secondary metabolite production. Molecular phylogenetic data point toward its being closer to Daldinia [31] .
The results of our current biological activity studies, along with the chemical composition of the extracts, also confirm this molecular phylogeny: Cultures of Entonaema and Daldinia showed very similar HPLC profiles. Both contain additional antibiotic activity that cannot be attributed to the presence of the marker compounds (5, and 2-hydroxy-5-methylchromone [4] ) alone. Nonetheless, BNT and other naphthalene derivatives were neither detected in mature nor in young stromata of E. cinnabarinum, which both contained azaphilones. This should be regarded as a valid argument to regard these two genera as separate branches of an evolutionary lineage that has eventually developed from Hypoxylon-like ancestors. Still, all aforementioned chemotaxonomic results agree with the hypothesis that Biscogniauxia and its allies are ancestral to Hypoxylon and other Xylariaceae genera that have developed stromatal pigments. Interestingly, this is also in accordance with recent work on molecular phylogeny [22, 31] . However, it should be kept in mind that stromata of Biscogniauxia and it sister genus Camillea, although lacking pigments, are rather frequently encountered even in highly competitive tropical habitats. They may be primary saprophytes occurring exclusively on bark of recently felled wood, usually in an aerial situation, which is not favorable to moulds. These characteristics, combined with their thick carbonaceous crust, render them less sensitive to competitors and predators. This would mean that the early melanization, along with the special lifestyle of these fungi, has resulted in them being competitive in their natural habitat. In addition, various species of Biscogniauxia have recently been shown to be endophytes [32] . Such fungi, which primarily lead a secret life in apparently healthy plants would evidently not be subjected to a selective pressure to protect their stromata and growing ascospores by producing outward-directed defense compounds. [4, 16] . Concentrations tested: 100, 50, 25, 10, 5, 2, 1, and 0.1 µg/mL. For nematicidal activities of cytochalasins and mitorubrin/rubiginosin type azaphilones (8, 37, 42, 44 ) see [4] . All other compounds listed in Table 1 , but not included here were found devoid of activities. ** Most nematodes were paralyzed immediately, but became motile again after ca. 3 h of incubation up to concentrations of 50 µg/mL. As in Biscogniauxia, stromata of the Xylarioideae also usually become highly melanised quite early during their development. Most of them have a black surface, unless the anamorphic structures are present. In our study, none of the samples derived from stromata of the Xylarioideae showed any significant biological activity. Although we have observed traces of BNT (24, less than 0.1% dry weight and therefore not safely determinable; data not shown in Table 2) in Euepixylon udum and Entoleuca mammata, all other compounds were absent. Since even the highly concentrated stromatal extracts did not show any significant biological activities, the Xylarioideae appear entirely different from Hypoxyloideae with respect to the antibiotic properties of their stromata. The biosynthesis of truncatone (4), BNT (24) and daldinones (25) (26) has previously been correlated with the production of the anamorph in Hypoxyloideae [9] . No other metabolites that might be naphthalene derivatives, as judged from their HPLC-UV and HPLC-MS data, were detected in cultures of stromata of the Xylarioideae. This indicates that the Xylarioideae do not usually accumulate BNT. The latter compound is widespread in Hypoxyloideae, including some tropical genera [2, 29] and remains detectable in their stromata for a long time [10, 29] .
Compounds
Only moderate phytotoxic [21] and antioxidant activities [11] have so far been reported for this compound, aside from the weak antimicrobial effects noted in this study. However, BNT constitutes the conceivable progenitor of 9a and 11-13, and is also an important intermediate of 1,8-DHN melanin biogenesis [33] . This pathway is ubiquitous in filamentous ascomycetes. Since all Xylariaceae stromata become highly melanised, and fungal melanin is known to act as a protective agent against light radiation [34] , their extrolites may well have different functions. They may still serve as a means of chemical defense if they are produced in large quantities -from an energetic standpoint, their biosynthesis from the 1,8 DHN pathway appears to be quite "cheap". As shown in Table 2 , BNT (24) inevitably becomes available in large quantities during stromatal development. Since it covers the outermost stromatal layer, it may at least fulfill some deterrent activity against feeding enemies of the Xylariaceae, (e.g. other fungi, slime moulds, or invertebrates) that attack the growing stromata.
Considering the large amounts of antibiotics in stromata of Hypoxyloideae (except for Biscogniauxia), and the manner in which these pigments are arranged in the peripheral parts of the stromata (see above discussion, Figure 2 , and Table  4 ), these compounds can probably serve as a means of defense in the natural environments. Only a few compounds studied (e.g. concentricol A, 31) lacked biological activities, despite that they are specific for certain species and present in their stromata in large amounts. Their ecological role needs further clarification.
Extracts from cultures of Hypoxyloideae were also tested, and interestingly only those of Daldinia and Entonaema spp. showed moderate antimicrobial effects. Daldinia and Entonaema cultures, however, contained several yet unidentified compounds, aside from the major components, 8-methoxy-1-naphthol (5) and 2-hydroxy-5-methylchromone [4, 27] .
It remains to be seen whether these unidentified cometabolites also contribute to the biological activities of the crude extracts. Recently, several naphthalenes, including some compounds that were previously reported from cultures of Daldinia, have been reported from an endophytic Nodulisporium strain that was isolated from a Juniperus sp. in the Canary Islands [35] . This endophytic Nodulisporium sp. may eventually be revealed to be related to the genus Daldinia itself. Antimicrobial and other bioactivities had also been found in those compounds. In cultures of most Hypoxylon spp. and in some species of Annulohypoxylon, 5-methylmellein (46) constituted the most prominent metabolite detected. Exceptions were cultures of H. howeanum and H. fragiforme, which produced no or little 5-methylmellein, but larger amounts of mellein and isochracein (47, 48), along with further compounds that were previously characterized from those species by Anderson et al. [17] . The extracts of these two species also showed slightly stronger antimicrobial activities than those of the remainder of Hypoxylon cultures, and only isochracein (48) showed moderate antimicrobial effects. Within the genus Annulohypoxylon, cultures of both varieties of A. stygium and A. cohaerens contained 5-methylmellein, whereas A. multiforme contained different unknown compounds that were also present in A. cohaerens. Presumably, these unidentified metabolites might be responsible for the moderate antimicrobial effects of their extracts. Interestingly, the occurrence of characteristic compounds in certain groups of Xylariaceae has frequently predicted taxonomic rearrangements and separation of entire genera from Hypoxylon [1, 2] . The current results basically agree with those presented previously [1, 18] , but a closer examination of Hypoxyloideae, involving studies of further species and strains, appears appropriate before further taxonomic conclusions can be drawn from these rather preliminary findings. Such work is currently ongoing, using various culture media, and sampling at different stages of fermentation.
Cultures of Xylarioideae showed at least moderate biological activities. HPLC-MS profiling suggested this to be due to the presence of previously reported compounds: cytochalasins from Rosellinia [36] and Xylaria [37] , hymatoxins from Entoleuca mammata (reported as Hypoxylon mammata [38] ), and butyrolactones from Nemania (="Hypoxylon") serpens [1, 39] , respectively.
HPLC-MS spectra of the major components in the extracts agreed with the respective data. We did not attempt preparative isolation of these compounds because these species had been studied intensively in the past by other authors, and in the case of N. serpens, even the original producer strain was available for comparison. The culture of Kretzschmaria deusta also contained a yet unidentified metabolite whose HPLC-MS data were reminiscent of pileiformic acid, previously reported from this species [2] . Schneider [40] had established antibiotic properties for this compound; accordingly it may account for the moderate antimicrobial effects of the culture studied.
In fact, these results suggest that different survival strategies have evolved in Xylarioideae and Hypoxyloideae; most of the serious plant pathogens are members of the Xylarioideae, while the Hypoxyloideae are believed to be "latent invaders" (endophytes) and may become only weakly parasitic if their hosts have already been damaged by other factors [41] . Mellein derivatives were detected in all cultures of Hypoxylon, with the distribution matching previous reports by Anderson et al. [17] on their respective fungal species. Compound 46 was found absent and other melleins prevailing in H. howeanum and H. fragiforme; All other Hypoxylon spp., all Biscogniauxia spp. studied and A. stygium contained 5-methylmellein, 46), whereas C. sassafras contained mellein (47), besides yet unidentified cometabolites. Similar compounds with mellein-like UV-vis spectra were also found in Rosellinia subiculata and R. mirabilis. They were lacking in R. necatrix, which contained cytochalasins, in agreement with the literature [1, 2] . Melleins and cytochalasins are, therefore, more widely distributed. The presence of melleins, which had previously also been found in Xylaria spp. [1] , appears not to be significant with respect to the current segregation of the Xylariaceae into either genera or groups with similar anamorphic structures. Cultures of the predominantly tropical genus Stilbohypoxylon were not included in our study, but the lack of prominent secondary metabolites and biological activities in their stromata is in agreement with their close relationships to Rosellinia and other Xylarioideae.
Creosphaeria, which was revealed in our study as another mellein producer, may even represent an evolutionary lineage that has diverged very early in the course of the evolution from both the Xylariaceae and its sister family Diatrypaceae, as inferred from molecular data [31] . However, extensive studies on the secondary metabolites of Diatrypaceae have not been carried out, except for the phytopathogenic Eutypa lata [2] . The latter species was reported to contain various phytotoxins, most of which have not yet been found in the Xylariaceae. Creosphaeria, in any case, shows a similar behavior as the typical Hypoxyloideae in that its stromata accumulate biologically active pigments, but it yet differs from most Xylariaceae by its Libertella-like anamorph that is rather typical of the Diatrypaceae [2, 18] . Therefore, this study did not only demonstrate the biological relevance of secondary metabolites in a broad range of xylariaceous fungi for the first time, but the results also offer an interesting perspective on their phylogeny and hence their taxonomic classification.
The crucial features of the groups of Xylariaceae studied are summarized in Table 6 . The differences in anamorphic morphology that have already become evident by morphological studies are also reflected [16] and for data on crude extracts of several Hypoxylon sp. see Table S1 in Supporting information of reference [15] . Cultures of Hypoxylon spp. and other samples not listed here were generally inactive. by the strategy of these fungi with regard to the production of secondary metabolites in various stages during their lifecycle. Separate families might, therefore, be proposed soon to accommodate Creosphaeria and the Hypoxyloideae, respectively, if chemotaxonomy and chemical ecology are considered more seriously. However, additional taxon sampling is required with respect to both molecular phylogeny and chemotaxonomy to obtain a better overview of the evolutionary relationships within these fungi, and this is also true for all other families that currently comprise the order Xylariales [2] .
Compound/Species
In this sense, the outcome of our study favors a polythetic taxonomic approach, and even suggests that chemotaxonomy may reveal affinities that go far beyond the recognition of species. Considering the various metabolites that have so far been encountered in concert, it appears as if in many cases those lineages within the family that have been regarded as primitive also dispose of a rather poor diversity of secondary metabolites. On the other hand, in those species that are regarded as more evolutionary advanced, the diversity of features such as stromatal pigments appears to reflect biogenetic permutations of a survival strategy that has been maintained during the evolution of xylariaceous fungi and their hosts (i.e. seed plants).
Needless to say, the initially cited concept of fungal secondary metabolites as being 'extrolites' in the definition of Samson and Frisvad [3] is also largely supported by our investigations. There have been relatively few studies on the biological activities of fruiting body constituents, and it may pay off to study further immature stromata of Hypoxyloideae more intensively. Our HPLC-based studies were so far not extended to volatile compounds. In fact, stromata or the mycelium colonizing the woody substrate of certain species, such as H. macrocarpum and H. rutilum produce a characteristic odor. Such characters even help to identify these fungi in the field. Likewise, stromata of E. cinnabarinum (especially in the liquid; [42] ) have a strong odor of fenugreek, and cultures of the latter genus and Daldinia have a characteristic odor [43] . These observations suggest that volatile metabolites may be involved. Evaluation of such volatiles, however, would require studies by gas chromatography and other adequate methods. These features are also likely to contribute to chemical defense or mediate other interspecific interactions, e.g. with insects, that are still poorly understood in these fungi.
Experimental
General: Chemicals and solvents were obtained from Sigma-Aldrich (Deisenhofen, Germany). Analytical HPLC-UV/visible spectroscopy using diode array detection and HPLC-MS using a combination of positive and negative electrospray mass spectrometric detection, were done as reported previously [5, 6] . For quantification of the prevailing metabolites in the stromatal extracts, their corresponding peaks were integrated by the software supplied by the Agilent (Waldbronn, Germany) ChemStation software, based on UV absorption at 210 nm, using external standards, after verification of peak purities by concurrent HPLC-MS analyses. Standards of penicillin G and actinomycin D were obtained from Sigma-Aldrich, and ivermectin, mellein, and isochracein from the InterMed Discovery repository of natural products. For the origin of other compounds (1-49) see Table 1 . Most were available from previous work; only compound 5 was newly isolated from Daldinia concentrica CBS 113277 [30] , as described in [16] .
Material examined, fermentation and extraction:
All specimens examined are listed in the Supporting Data, along with information on previous treatments in the literature. Most of them had been studied previously by HPLC profiling [4] [5] [6] [7] [9] [10] . The estimated percentages of the prevailing metabolites in the methanolic stromatal extracts, using external and internal standards, are summarized in Table 2 . For Daldinia spp., the data are presented only for the outermost stromatal layer; the tissue containing concentric zones was also studied, but was found devoid of secondary metabolites. All other data are based on extracts made from the entire stromata. Cultures were isolated from either ascospores or obtained from external sources, fermented and extracted as described previously [4] . Most of them are deposited in public culture collections (ATCC: Manassas, Va., USA; DSMZ: Braunschweig, Germany; CBS: Utrecht, Netherlands; MUCL, Louvain-La-Neuve, Belgium). Aliquots of their ethyl acetate extracts [4] were tested, along with aliquots of stromatal methanol extracts for bioactivities. To assess their stability in the assay conditions used for the evaluation of antibiotic activities, ten representative compounds were dissolved in methanol and their solutions added to YMG and NB media, respectively, to reach a final concentration of 1 mg/mL in 20% MeOH/80% of the respective culture medium. After 30 min and 24 h, the samples were checked by analytical HPLC, and corresponding peaks were integrated using Agilent HPChemStation software.
Biological assays: All tests were performed in triplicate, with identical results for each sample. The assay conditions and origins of test organisms have recently been described in detail for the serial dilution assay and the motility assay against C. elegans [16, 20] and the agar diffusion assay [13] , respectively. In this study, the agar diffusion assay served also for comparison of antimicrobial activities of stromatal fragments with extracts and pure compounds. For this purpose, stromata of Xylariaceae were cut into pieces of 1-2 mm width and 6-8 mm diameter and placed directly on the test plates. With effused growing species, the perithecial layer was placed on the agar plates upside down, exposing the outermost stromatal layer to the agar. Horizontal sections were made from species with cylindrical-clavate (e.g. X. longipes) or semiglobose (e.g. H. howeanum, see Figure 2 ). stromata. Sections of Hypoxyloideae stromata were made so that as much as possible of the perithecial regions containing the pigment layers was exposed to the test plates. Extracts and pure compounds were prepared in a conventional way, applying 50 µg each per test compound in methanolic solution, aliquots of methanolic stromatal extracts, or organic phases of ethyl acetate extracts dissolved in methanol from cultures, prepared as described previously [14] on paper disks (6 mm diameter). After evaporation of the solvent, these paper disks and the stromata were incubated for 24 h at 37°C (Bacillus subtilis) or for 30 h at 27°C (Yarrowia lipolytica), respectively. Bioactivities were then determined by measuring the diameter of clear inhibition zones surrounding either the paper disks or stromata, respectively.
